A substantial amount of evidence suggests that androgen signaling through classical androgen receptors is critical for both normal and pathologic ovarian physiology. Specifically, we and others have shown that, in mouse granulosa cells, androgen actions through both extranuclear and nuclear androgen receptor signaling are critical for normal follicle development and ovulation. Here, we show that androgens through the PI3K/Akt pathway rapidly (within minutes) phosphorylate and inhibit activity of the Polycomb group protein enhancer of zeste homolog 2 (Ezh2). Over the course of 24 to 48 hours, androgens then induce expression of the microRNA miR-101, which targets Ezh2 messenger RNA (mRNA), leading to a nearly complete loss of Ezh2 protein expression. This longterm androgen-induced loss of Ezh2 actions ultimately results in sustained reduction of the H3K27me3-repressive mark in the promoter region of the Runt-related transcription factor-1 (Runx1) gene, a luteinizing hormone (LH)-induced transcription factor essential for ovulation, leading to increased Runx1 mRNA expression. Accordingly, blocking androgen-induced inhibition of Ezh2 in vivo adversely affects LH-induced Runx1 mRNA expression and subsequent ovulation. Importantly, although estrogen treatment of granulosa cells similarly causes rapid activation of the PI3K/Akt pathway and short-term phosphorylation of Ezh2, it does not induce miR-101 expression and thereby does not reduce overall Ezh2 expression, demonstrating the androgen specificity of long-term Ezh2 suppression. Thus, this study provides insight regarding how androgen-induced extranuclear kinase signaling and intranuclear transcription through Ezh2 modifications may influence the expression pattern of genes, ultimately affecting various downstream physiological processes. (Endocrinology 158: 2944(Endocrinology 158: -2954(Endocrinology 158: , 2017 I n women, androgens act both as an essential adjuvant for follicular development as well as a harmful agent when present in excessive amounts. Although the global and cell-specific androgen receptor (AR) knockout (ARKO) mouse models (1) as well as various in vitro studies (2) have established the essentiality of androgens in normal female fertility, elevated androgens in females have long been associated with poor health and reduced fertility (3). These observations warrant a better understanding of the role of androgens in the regulation of folliculogenesis. Physiological actions of steroid hormones are mediated through crosstalk between steroidinduced extranuclear kinase signaling and intranuclear transcription (4-6). Previously, we reported (2, 7, 8) that androgens through membrane-localized ARs trigger matrix metalloproteinase-mediated transactivation of the epidermal growth factor receptor, which in turn leads to cytoplasmic MAPK3/1 signaling. This process is highly conserved across tissues and species (5). Moreover, we have shown that the physiological effects of androgens
I n women, androgens act both as an essential adjuvant for follicular development as well as a harmful agent when present in excessive amounts. Although the global and cell-specific androgen receptor (AR) knockout (ARKO) mouse models (1) as well as various in vitro studies (2) have established the essentiality of androgens in normal female fertility, elevated androgens in females have long been associated with poor health and reduced fertility (3) . These observations warrant a better understanding of the role of androgens in the regulation of folliculogenesis. Physiological actions of steroid hormones are mediated through crosstalk between steroidinduced extranuclear kinase signaling and intranuclear transcription (4) (5) (6) . Previously, we reported (2, 7, 8 ) that androgens through membrane-localized ARs trigger matrix metalloproteinase-mediated transactivation of the epidermal growth factor receptor, which in turn leads to cytoplasmic MAPK3/1 signaling. This process is highly conserved across tissues and species (5) . Moreover, we have shown that the physiological effects of androgens involve a synergistic action between these extranuclear AR signals and intranuclear transcriptional effects of ARs (2) . In this study, we focus on other mechanism(s) of androgen-induced actions both inside and outside of the nucleus that lead to altered gene expression and subsequent changes in ovarian function.
ARs transcriptionally regulate the expression of a number of genes either directly through binding to AR elements (AREs) or indirectly by modulating other transcriptional regulators, with the latter being less well understood. Intriguingly, although androgens have been shown to play a major role in follicular development, very few ovarian genes have been identified as direct AR targets. This demonstrates the need to better characterize potential indirect effects of androgens on gene expression. Regulation of gene expression is controlled at a number of different levels, one of which is the accessibility of the transcription machinery to the genes and their controlling elements. This accessibility largely depends on the degree of chromatin compaction, which is influenced in part by the Polycomb group proteins. One of the Polycomb group proteins, enhancer of zeste homolog 2 (Ezh2), a histone methyltransferase, promotes histone H3 lysine 27 trimethylation (H3K27me3). This methylation event in turn restricts the ability of cofactors and enhancers to bind to specific DNA sequences, causing subsequent gene silencing (9) . Accordingly, inhibition of Ezh2 prevents the placement of H3K27me3-repressive marks, thereby inducing gene expression. Chromatin remodeling via histone modification is now considered as a key control point for transcription and a primary target of signal transduction. Posttranslational modification (10) through kinase-dependent phosphorylation (11) (12) (13) ) is one of the major ways through which the activity of epigenetic programmers like Ezh2 can be regulated (14) . However, the detailed underlying mechanisms of DNA methylation or histone modifications by acetylation or methylation, what causes these modifications, and how these changes affect downstream physiological processes are still poorly understood. Interestingly, two studies have reported regulation of gene transcription through rapid steroid receptor signaling-mediated histone modification. Xenoestrogens/endocrine-disrupting chemicals (15) through the estrogen receptor-induced PI3K/Akt pathway have been shown to regulate Ezh2 and mixed-lineage leukemia protein 1 activity, causing developmental reprogramming of genes involved in uterine myometrial cells (16) and prostate cancer (17) , respectively.
Here we demonstrate that androgens, through both extranuclear and nuclear signaling, regulate gene expression in ovarian granulosa cells (GCs) through modulation of Ezh2 activity and expression. Similar to estrogens, we demonstrate in both mouse and human ovarian GCs that androgens suppress Ezh2 activity first via rapid activation of Akt-induced Ezh2 phosphorylation. Unlike estrogens, we find that androgens then suppress overall Ezh2 expression in the long term through AR-mediated transcription of an anti-Ezh2 microRNA, miR-101. These changes ultimately regulate downstream physiological functions such as ovulation.
Materials and Methods

Animals and cell culture
Mouse studies were performed in accordance with the guidelines for the care and use of laboratory animals and were approved by the University Committee on Animal Resources at the University of Rochester. Unless otherwise mentioned, mouse experiments were performed in 8-to 12-week-old C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME). Collection and culture of mouse GCs were performed as described previously (2, 7, (18) (19) (20) . Mouse GCs were cultured for 24 to 48 hours prior to serum starvation and treatment. KGN cells (a human GC tumor cell line; RIKEN BioResource Center, Japan) were cultured for 18 to 24 hours in Dulbecco's modified Eagle medium/F-12 medium containing 10% fetal bovine serum and 1% penicillin and streptomycin. Cells were serum starved for 4 hours followed by stimulation with 25 nM dihydrotestosterone (DHT) for different time points. For experiments using inhibitors (LY294002, 10 mM, and flutamide, 100 nM), cells were pretreated with the inhibitors for 30 minutes prior to DHT stimulation. For all our experiments, we used DHT instead of testosterone to avoid misinterpretation of our results due to aromatization of testosterone to estradiol.
Western blot analysis
Western blots were performed as described previously (7, (18) (19) (20) (21) . Primary antibodies used were: anti-rabbit Akt, antirabbit phosphorylated Akt (S473), and anti-rabbit glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Cell Signaling Technology, Danvers, MA); anti-mouse Ezh2 (Abcam, Cambridge, UK); and anti-rabbit phosphorylated (S21)Ezh2 (Abcam and Bethyl, Montgomery, TX).
RNA extraction and real-time polymerase chain reaction
RNA from ovaries or cells was isolated using the RNeasy Mini Kit (Qiagen, Valencia, CA) according to the manufacturer's instructions, and levels of specific messenger RNA (mRNA) expression were analyzed by delta delta cycle threshold (Ct) method using One Step TaqMan gene expression assay primers (Applied Biosystems, Foster City, CA) and the Applied Biosystems StepOnePlus real-time polymerase chain reaction (RT-PCR) system. One microgram of RNA was used for all of the RT-PCR reactions. GAPDH was used as an endogenous control.
miR-101 isolation and detection
Total RNA was isolated using the standard Trizol isolation method according to the manufacturer's instructions, and RT-PCR was performed using the TaqMan MicroRNA Reverse Transcription Kit and mouse/human miR-101 TaqMan MicroRNA Assays (Applied Biosystems). U6 was used as an endogenous control, and relative expression of miR-101 was calculated using the delta delta Ct method.
Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) was performed as described previously (7) with the MAGnify Chromatin Immunoprecipitation System (Invitrogen, Carlsbad, CA), according to manufacturer's instructions. Chromatin fragments were immunoprecipitated with Dynabeads coupled with mouse monoclonal anti-H3K27me3 and rabbit polyclonal anti-KMT6/EZH2 ChIP-grade antibody (Abcam) and immunoglobulin G as nonspecific control. Quantitative PCR was performed using EXPRESS SYBR GreenER TM qPCR SuperMixes (Invitrogen) with previously published primers (22) designed for two regions of the human RUNX promoter (P1 and P2) [Supplemental Fig. 4(a) ].
Ezh2 knockdown and rescue experiments
Small interfering RNA (siRNA)-mediated Ezh2 knockdown and rescue experiments were performed as described previously (2, 7, 8) . Cells were treated with nontargeting siRNA pool for mouse/human Ezh2 siRNA ON-TARGET Plus SMARTpool according to manufacturer's instructions (catalog no. AM16708; Thermo Fisher Scientific, Waltham, MA) for 48 hours prior to 4 hours of serum starvation followed by 48 hours of DHT treatment. For rescue experiments, after siRNA, cells were transfected (FUGENE 6; Roche, Indianapolis, IN) with wild-type or mutated (S21A) Ezh2 (serine 21 converted to alanine), as described (8) . After 24 hours, cells were serum starved for 4 hours followed by stimulation with or without DHT (25 nM) for 24 hours.
miR-101 inhibition in vitro
Primary mouse GCs or KGN cells were transfected with miR-101a-3p mirVana miRNA Inhibitor or with nonspecific control (Ambion). After 48 hours, GCs were serum starved for 4 hours and then stimulated with DHT. Knockdown was confirmed by measuring miR-101 expression levels. In vivo: Ovarian bursal injections were performed as described previously (2, 23, 24) . miRCURY locked nucleic acid (LNA) miR-101 inhibitor (Exiqon) or vehicle control was injected into ovarian bursa (n = 3/treatment). After 3 days following surgery, animals were subjected to a superovulation regimen [5 U of pregnant mare serum gonadotropin (Sigma, St. Louis, MO) followed 48 hours later by 5 U of human chorionic gonadotropin (hCG; Sigma)]. After an additional 14 hours, oocyte/ cumulus masses were surgically isolated from the oviduct and counted. Expression of miR-101, Runt-related transcription factor 1 (Runx1), and other Runx1-regulated genes were determined by RT-PCR from single ovaries isolated from individual animals.
Statistical analysis
Each in vitro experiment was repeated at least 3 times or more, and data are displayed as mean 6 standard error of the mean. Statistical analysis was performed using Prism version 6 (GraphPad). Analysis of variance followed by Tukey-Kramer was used to detect differences between treatments. P # 0.05 was considered significant.
Results
Androgens through PI3K/Akt signaling mediate Ezh2 serine phosphorylation
Androgens regulate follicular physiology through nuclear and extranuclear actions. Although ARs are DNA binding proteins that initiate transcriptional complexes, surprisingly few direct transcriptional targets of ARs have been identified in the ovary (25) (26) (27) (28) (29) (30) . Instead, genes identified so far by microarray analysis in patients who have polycystic ovary syndrome (PCOS), in prenatal androgenized animal models, or in AR null mouse models do not have AREs in their promoters. We therefore posed that, instead of directly regulating genes containing AREs, androgens may have a more indirect effect on ovarian gene expression. Previous studies (16) in the uterus show that xenoestrogens through the PI3K/Akt pathway regulate Ezh2 and thus histone methylation. Given that androgens can also trigger PI3K/Akt signaling (31) and the importance of Ezh2 in regulating transcription, we initially examined whether androgen-induced PI3K/Akt signaling influenced Ezh2 activity and/or expression in mouse ovarian GCs.
Results show that DHT treatment promotes transient phosphorylation of Akt Similarly, Ezh2 mRNA levels are also downregulated by DHT stimulation at 48 hours [ Fig. 1(c) ]. Akt-dependent S21 phosphorylation of Ezh2 has been reported to block the methyltransferase activity of Ezh2 by disrupting the association between Ezh2 and other polycomb repressive complex 2 subunits (11, 16, 32) . Therefore, to test whether the observed DHT-induced phosphorylation of Ezh2 at S21 is mediated by the DHT-induced PI3K/Akt pathway, we treated GCs with DHT in the presence or absence of a PI3K inhibitor, LY294002. Figure 1(d) shows that the DHT-induced phosphorylation of Ezh2 at S21 is inhibited by the PI3K inhibitor LY294002. These observations suggest that in GCs, androgens may regulate Ezh2 activity by two different mechanisms: first by rapid phosphorylation and inactivation of Ezh2 at S21 through PI3K/Akt signaling (11) and second by long-term suppression of Ezh2 expression. Quantitative densitometry of these immunoblots and others from repeated studies are shown in Supplemental Fig. 1 .
Androgen-induced miR-101 suppresses Ezh2 expression
How is DHT suppressing Ezh2 mRNA and protein expression at 48 hours? Ezh2 mRNA is an established target of miR-101 (33), and sequences upstream of the miR-101 coding region have AREs (34) . Moreover, studies in prostate cancer cells have shown that AR regulates miR-101 expression (18) . Therefore, we examined whether miR-101 might be suppressing Ezh2 mRNA expression in response to androgens. Indeed, 24 hours of DHT treatment induces miR-101 expression in isolated primary mouse GCs [ Fig. 2(a) ] as well as in human KGN GCs [ Fig. 2(b) ]. This induction is inhibited by the AR antagonist flutamide, thereby demonstrating that this phenomenon is a direct AR function. DHT injection into female mice also promotes miR-101 expression in ovarian GCs in vivo Studies (35) in hepatocarcinoma cells have reported the existence of a reciprocal negative feedback loop between Ezh2 and miR-101 whereby Ezh2 itself regulates miR-101 expression. Thus, we determined whether DHT-induced expression of miR-101 is mediated through suppression of Ezh2. In fact, knockdown of Ezh2 protein expression in mouse GCs or EZH2 in human KGN cells [ Fig. 3(a) ] has little effect on baseline or DHTinduced miR-101 expression [ Fig. 3(b) and 3(c) ], thereby suggesting that DHT directly enhances miR-101 expression independent of Ezh2.
Because estrogens through the PI3K/Akt pathway can also regulate Ezh2, as shown previously (16), we wanted to compare androgen-and estrogen-induced Ezh2 modulation in the ovary. In primary mouse GCs, we find that, although estrogen can also transiently phosphorylate Ezh2 at S21 through the PI3K/Akt pathway [Supplemental Fig. 2 (a) and 2(b)], it does not induce miR-101 expression [Supplemental Fig. 2(c) ]. This indicates that the long-term suppression of Ezh2 expression mediated by miR-101 is an androgen-specific action.
Runx1 is an androgen-regulated Ezh2 target gene
In our efforts to identify downstream targets of this androgen-mediated alteration of Ezh2 actions, we found Runx1, a transcription factor important for ovulation and regulated by luteinizing hormone (LH) or hCG in periovulatory follicles (36) , to be an androgen-regulated Ezh2 target (Fig. 4) . Notably, studies in prostate cancer cells (37) Fig. 4(a) , left side]. Whereas DHT alone has no effect on Runx1 mRNA expression, priming with DHT for 48 hours followed by hCG stimulation (4 hours), causes significant induction of Runx1 mRNA expression compared with hCG treatment alone [ Fig.  4(a) , left side]. Knockdown of Ezh2 in mouse GCs by siRNA [ Fig. 4(c) ] has no effect on basal Runx1 mRNA levels; however, the induction of Runx1 mRNA expression by hCG in untreated GCs with reduced Ezh2 mimics the enhancement with DHT-primed hCG-treated GCs with normal Ezh2 endogenous expression [ Fig. 4(a) , right side]. These results demonstrate that, although androgens do not directly induce Runx1 expression, they play an essential indirect role in the regulation of Runx1 expression. Androgen-induced suppression of Ezh2 activity and expression might demethylate histones and open the promoter region of the Runx1 gene, making it a conducive environment for enhanced LH-induced Runx1 gene expression. Of note, the same effects of DHT and hCG on RUNX1 mRNA expression are also seen in human KGN cells [Fig. 4(b) ].
Androgen-induced regulation of Runx1 expression is mediated by both rapid (PI3K/Akt) and long-term (miR-101) modulation of Ezh2
Given that androgens regulate Ezh2 activity through rapid (PI3K/Akt-mediated) and long-term (miR-101-mediated) mechanisms, we next elucidated which of these two mechanisms is involved in enhancing Runx1 expression. Figure 4 (d) represents Runx1 mRNA levels in primary mouse GCs cells primed with DHT for different time points followed by vehicle or hCG treatment of 4 hours. Results show that a minimum of 24-hour DHT priming is necessary for significant enhancement of hCGinduced Runx1 mRNA expression. Because DHTinduced reductions in Ezh2 protein occur just beyond 24 hours [ Fig. 1(b) ], we further investigated whether rapid DHT-induced phosphorylation of Ezh2 through of PI3K/Akt signaling contributes to hCG-induced increases in Runx1 mRNA levels. The PI3K inhibitor LY294002 does not abrogate the effects of DHT priming on hCGinduced Runx1 mRNA induction, but simply delays it by Figure 3 . Ezh2 is not required for miR-101 expression. siRNA-mediated knockdown of (a) Ezh2 has no effect on DHT-induced miR-101 expression in (b) mouse GCs (mGCs) and (c) human KGN cells. Data are displayed as mean 6 standard error of the mean (n = 3 experiments) and normalized to U6 levels. *P # 0.05. Nsp, nonspecific. Fig. 4(d) ]. Importantly, LY294002 has no effect on DHT-induced miR-101 expression in cells pretreated with DHT for 72 hours [Supplemental Fig.  3(a) ], indicating that DHT induction of miR-101 occurs independent of PI3K/Akt signaling. Finally, the same results of PI3K inhibition are seen when examining EZH2 mRNA expression in human KGN cells [ Fig. 4(e) ]. Together, these results suggest that the enhancement of hCG-induced Runx1 mRNA expression after DHT pretreatment occurs first rapidly due to Ezh2 inactivation in an Akt-dependent fashion, but then long term via loss of Ezh2 mRNA and Ezh2 protein by miR-101 in an Aktindependent fashion.
to 48 hours [
To confirm the role of DHT-induced Akt-mediated phosphorylation of Ezh2 in hCG-triggered Runx1 expression, we mutated S21 to alanine (S21A-Ezh2) in a human EZH2 complementary DNA clone. Thereafter in siRNA-mediated EZH2 knocked-down KGN cells, we overexpressed mutated or wild-type EZH2 and primed the cells with/without DHT (24 hours) followed by hCG stimulation for 4 hours. We hypothesized that without the serine phosphorylation site, EZH2 would be unaffected by Akt signaling and would therefore remain active and suppress short-term RUNX1 mRNA expression. Supplemental Fig. 3(b-d) shows the validation of the mutation S/A21-Ezh2 and its overexpression in the Ezh2 knockdown cells. We find that overexpression of the S/A21-EZH2 mutant in EZH2 knockdown cells abrogates the positive effects of 24 hours of DHT priming on hCG-induced RUNX1 expression (Fig. 5) . However, when these same cells are primed with DHT for 72 hours (Fig. 5 , last group on the right), hCG stimulation of RUNX1 mRNA expression is again enhanced. These results confirm that DHT-mediated phosphorylation of EZH2 at S21 is the primary mediator of early (24-hour) DHT effects on RUNX1 mRNA expression; however, long-term effects (e.g., 72 hours) of DHT priming on hCG-induced RUNX1 mRNA expression likely occur through miR-101-mediated loss of Ezh2 expression. Accordingly, anti-miR-101 inhibitor-mediated downregulation of miR-101 (Fig. 6 ) completely abolishes the long-term (72-hour) positive effects of DHT on hCGinduced RUNX1 mRNA expression in human KGN cells [ Fig. 6(b) ]. Anti-miR-101 treatment in primary mouse GCs similarly abrogates positive effects of DHT on hCGinduced Runx1 mRNA expression [ Fig. 6(a) ]. Thus, by 72 hours, the short-term effect of DHT on Ezh2 phosphorylation is lost and the effect of DHT on Runx1 mRNA expression is solely regulated through miR101-mediated modulation of Ezh2 mRNA levels.
Androgens through Ezh2 modulation decrease the H3K27me3 methylation mark on the Runx1 promoter
Given that Ezh2 causes methylation of H3K27me3, a negative marker for gene expression, we examined H3K27me3 levels on the RUNX1 promoter over time with respect to DHT treatment in human KGN cells. We performed ChIP assays on two regions of the RUNX1 promoter [P1 shown in Fig. 7 and P2 represented in Supplemental Fig. 4(b) ] with an antibody against H3K27me3. Results show [ Fig. 7 ; Supplemental Fig.  4(b) ] that DHT rapidly (by 60 minutes) suppresses H3K27me3 levels on the RUNX1 promoter (most likely due to Akt-mediated inactivation of Ezh2) and the decrease in methylation continues for at least 72 hours (most likely due to miR-101-mediated loss of EZH2 protein expression). This loss in methylation may therefore be the reason for the observed increase in RUNX1 mRNA transcription. To demonstrate that this decrease in H3K27me3 levels on the RUNX1 promoter is through DHT-induced modulation of Ezh2, we performed a corresponding ChIP showing loss or decreased association of Ezh2 on RUNX1 promoter following DHT treatment [Supplemental Fig. 4(c) ]. Results show that association of Ezh2 with the Runx1 promoter decreases over time. In fact, at the 24-hour time point, even when p(S21)Ezh2 is dephosphorylated, the association of Ezh2 with the Runx1 promoter is significantly lower compared with controls.
DHT-regulated Ezh2-mediated modulation of Runx1 expression is essential for ovulation
Finally, to demonstrate the physiological significance of Ezh2-mediated modulation of Runx1 expression, we knocked down miR-101 expression in vivo (Fig. 8) by injecting LNA-containing oligonucleotides targeting miR-101 or vehicle into the ovarian bursa of mice. Results show that, following superovulation, animals treated with the LNA anti-miR-101 oligonucleotides ovulated significantly fewer oocytes compared with control animals (Table 1) . Quantitative PCR confirmed loss of miR-101 expression in vivo, as well as downregulation of ovarian expression of Runx1 mRNA and Runx1-regulated mRNAs encoding prostaglandin-endoperoxide synthase 2 (Ptgs2; also called cyclooxygenase-2) [ Fig. 8(a) ]. Ptgs2 plays (22) an obligatory role in ovulation (38, 39) . To further prove that the androgen-induced modification of Runx1 promoter and therefore Runx1 expression is physiologically important, we determined the expression of miR-101, Runx1, and Ptgs2 mRNA in ovaries of 24-to 25-weekold GC-specific ARKO mice that were subjected to superovulation. Notably, we have shown previously that these GC-specific ARKO animals ovulate fewer oocytes both naturally and in response to superovulation (18) . Based on our present data, it can be speculated that one of the reasons for reduced ovulation in the GC-specific ARKO mice is due to the loss of androgen-induced regulation of Ezh2 and its effect on Runx1 transcription. Supporting this hypothesis, results show [ Fig. 8(b) ] that indeed the expression of miR-101, Runx1, and Ptgs2 mRNA are significantly lower in ovaries of GC-specific ARKO animals compared with heterozygous littermates.
Discussion
This study uncovers a unique mechanism whereby androgen-induced extracellular signals are transduced to genomic events via specific histone modifications. Here (Fig. 9) we demonstrate that androgens inactivate Ezh2 via two independent mechanisms. First, via extranuclear AR signaling, androgens promote a transient phosphorylation of Ezh2 at S21 through PI3K/Akt that is ) and heterozygous (AR +/-) controls. Data are displayed as means 6 standard error of the mean (n = 3 experiments) and normalized to U6 (for miR-101) or GAPDH (for Runx1 and Ptgs2) levels. *P # 0.05. In this study, we primarily focused on the androgeninduced PI3K/Akt pathway because we found that the androgen-induced MAPK pathway has no effect on phosphorylation of Ezh2 at S21. However, because nongenomic androgen-induced MAPK signaling has been shown to be critical for many genomic transcriptional androgen effects (1, 2, 7), the androgen-induced MAPK pathway may still be involved in the long-term downregulation of Ezh2 expression through regulation of miR-101. Specifically, we have reported that androgens through transactivation of the epidermal growth factor receptor can induce MAPK3/1 signaling (2, 5, 7, 8) . Upon activation, MAPK3/1 promotes serine phosphorylation of the multidomain adaptor protein paxillin, resulting in the nuclear localization of phosphoserinepaxillin where it complexes with AR to retain AR in the nucleus, allowing AR-mediated transcription to occur (2, 7) . This pathway is conserved in human prostate cancer (7) as well as in mouse GCs (2). Therefore, it is possible that the AR-MAPK3/1-paxillin pathway may be involved in androgen-induced expression of miR-101.
Intriguingly, our studies show that DHT-induced Aktmediated phosphorylation of Ezh2 at S21 is transient, with p(S21)Ezh2 being dephosphorylated after 2 hours of DHT treatment. The decline in Ezh2 expression levels by miR-101 occurs only after 48 hours of DHT treatment, leaving a time gap where presumably Ezh2 reactivates. However, our ChIP studies show a loss of H3K27me3 mark on two different regions of the human RUNX1 promoter within 60 minutes of DHT treatment that continues through 72 hours. These results suggest that, although phosphorylation of Ezh2 at S21 by Akt inhibits Ezh2 activity and lowers the H3K27me3 mark, there may exist a time lag between dephosphorylation of Ezh2 at S21 and reactivation of Ezh2 to lay down the H3K27me3 mark. This concept of transient phosphorylation followed by dephosphorylation resulting in effects lasting hours to days has been reported in a myriad of other kinase signaling pathways (e.g., MAPK, Akt, RTK activation). For example, studies in mouse uteri (16) have shown that transient Ezh2 modulation by xenoestrogens via the PI3K/Akt pathway can reprogram the expression profile of estrogen-responsive genes in uterine myometrial cells with long-lasting effects, suggesting this as a potential mechanism for developmental reprogramming caused by early-life exposure to xenoestrogens (16) .
Notably, in our study we find that, although estrogen treatment of GCs can cause a transient inactivation of Ezh2 through PI3K/Akt-mediated phosphorylation of Ezh2 at S21, estrogen does not induce miR-101 expression. Thus, our studies provide a unique mechanism of androgen action involving transient and long-term regulation of Ezh2 that may also serve as a potential mechanism for androgen-induced developmental reprogramming. A large volume of studies now suggests that perinatal exposure in the form of maternal/fetal pathologies, nutritional deficits/excess, environmental chemicals, lifestyle choices/stress, and medical interventions alters the developmental course of the fetus or offspring, leading to long-term harmful outcomes that often culminate in adult pathologies. In fact, fetal exposure to androgenic substances has been reported to cause developmental reprogramming via alteration of the epigenome in animal models (3, (40) (41) (42) (43) (44) (45) (46) as well as in humans in conditions such as congenital adrenal hyperplasia or after developmental exposure to endocrinedisrupting chemicals with androgenic properties like phthalates (47) (48) (49) (50) . These early androgen exposures predispose the next generation to various disease conditions like PCOS and metabolic dysfunction (51) (52) (53) (54) (55) (56) . Although the mechanisms behind the developmental route culminating in these animal models as well as in women who have PCOS are still unclear, this study provides a possible mechanistic understanding of androgen actions and their global effect on ovarian gene expression by regulating histone modulators rather than simply regulating genes containing AREs.
Although androgen excess is detrimental, so is a lack of androgen actions in the ovary. Previously, we (1, 18, 25) and others (57, 58) reported that, in females, androgens play a critical role in ovarian physiology and in maintaining normal fertility. In fact, knockout of AR specifically in GCs of the ovary results in female mice with impaired follicular development, lower ovulation rates, reduced number of oocytes ovulated, and development of premature ovarian failure (18) . AR expression is highest in the growing preantral follicles (1, 25) , and our ARKO mouse studies (2, 18) show that androgens are essential for the transition from preantral to antral stage as well as in preventing follicular atresia during normal development. Based on our present study, we propose that, at the preantral stage of follicular development, one of the underlying mechanisms of androgen actions may be mediated through the loss of Ezh2 to facilitate the induction of different genes that are important for follicular development. Here we report Runx1 as one such downstream target gene of androgen-induced Ezh2 modulation by which androgens may influence ovulation. The LH-induced Runx1 in turn regulates the expression of Ptgs2. The latter is obligatory for ovulation, as Ptgs2-deficient mice lack ovulation and are infertile (38, 39) . Further studies will be necessary to identify all the genes regulated by this androgen-induced Ezh2 modulation or other genes that may be regulated by androgen-induced miR-101 and its effect on follicular development. Interestingly, a recent study by Maekawa et al. (59) shows that mRNA levels of Ezh2, as well as recruitment of Ezh2 to the promoter regions of StAR, decreases in rat GCs undergoing luteinization after ovulation induction by hCG. How LH decreases Ezh2 mRNA levels is not known. It is possible that Runx1 expression may also be influenced by LH-induced decrease in Ezh2. However, our results show that priming GCs with androgens significantly increases the induction of Runx1 expression by hCG. It is likely that, during follicular development, androgens through Ezh2 modulation increase the sensitivity of GCs to LH/hCG effects. Based on our previously published GC-specific ARKO mouse studies (18) , as well as other studies (60), it is known that androgen actions during follicular development primarily occur at preantral stage, because AR expression is highest in these follicles and decreases significantly in large antral and preovulatory follicles. Therefore, the above-described priming effects of androgens through androgen-induced Ezh2 modulation may occur significantly earlier than the LH surge in preantral and small antral follicles that lack LH receptor.
In summary, we provide direct experimental evidence showing that androgens through a synergistic effect between transient membrane-initiated AR signaling and a long-term nuclear transcriptional effect promote histone modifications that control the expression of specific genes and regulate downstream physiological processes essential for female fertility. Given that androgens play a major role in various normal and pathophysiological conditions in women, results of the current study provide Appendix. Antibody Table   Name insights into our understanding of the androgen-induced molecular mechanisms responsible for normal ovarian physiology as well as disease conditions such as PCOS.
